We report on mid-infrared imaging observations of the anomalous X-ray pulsars (AXPs) 1E 1048.1−5937, 1RXS J170849.0−400910, and XTE J1810−197. The observations were carried out at 4.5 and 8.0 µm with the Infrared Array Camera and at 24 µm with the Multiband Imaging Photometer on the Spitzer Space Telescope. No mid-infrared counterparts were detected. As infrared emission from AXPs may be related to their X-ray emission either via the magnetosphere or via a dust disk, we compare the derived upper limits on the infrared/X-ray flux ratios of the AXPs to the same ratio for 4U 0142+61, an AXP previously detected in the mid-infrared range. The comparison indicates that our three non-detections are consistent with their relatively low X-ray fluxes. For XTE J1810−197, our upper limits set a constraint on its rising radio/millimeter energy spectrum, suggesting a spectral break between 1.5×10 11 -6×10 13 Hz.
INTRODUCTION
The anomalous X-ray pulsars (AXPs) are a small group of isolated, young neutron stars with spin periods falling in a narrow range (6-12 s), very soft X-ray spectra in the 0.5-10 keV range (commonly fitted with a ∼0.5 keV blackbody plus power-law model), and with X-ray burst activities (Woods & Thompson 2004; Kaspi 2006) . They were considered "anomalous" because their X-ray luminosities greatly exceed the power available from spin-down of the pulsars. Along with soft gammaray repeaters (SGRs), these objects are believed to be neutron stars having extremely strong (∼ 10 14 G) surface magnetic fields ("magnetars") and being powered by the decay of their even stronger internal magnetic fields (Thompson & Duncan 1996) .
In addition to studies at X-ray energies, effort has been made to observe AXPs at optical and infrared (IR) wavelengths. Since the discovery of the optical/near-IR counterpart to AXP 4U 0142+61 (Hulleman, van Kerkwijk, & Kulkarni 2000) , four other AXPs, 1E 1048.1−5937 , 1RXS J170849.0−400910 (Durant & van Kerkwijk 2006b; Israel et al. 2003) , XTE J1810−197 , and 1E 2259+586 (Hulleman et al. 2001) , were also identified in the near-IR. The observed near-IR emission, which greatly exceeds the extrapolated spectrum of the X-ray blackbody component of AXPs, is likely related to the X-ray emission-AXPs show very similar near-IR to X-ray flux ratios (1.7-3.7 ×10 −4 ; Durant & van Kerkwijk 2005 , 2006b ) and correlated near-IR and X-ray flux variations were found for 1E 2259+586 (Tam et al. 2004 ) and XTE J1810−197 ) during their X-ray outbursts (although no correlation was seen outside of outburst relaxation; Durant & van Kerkwijk 2005) .
In the magnetar model, optical/IR emission is probably due to non-thermal radiation by particles in the magnetosphere of an AXP (e.g., Beloborodov & Thompson 2006) . However, using the Spitzer Space Telescope, Wang, Chakrabarty, & Kaplan (2006) recently identified 4U 0142+61 at the mid-IR wavelengths 4.5 and 8.0 µm. The emission in the mid-IR was brighter than that in the near-IR, and can be interpreted as dust emission from an X-ray heated debris disk around the young pulsar. Given the similar near-IR fluxes of AXPs, this suggests that AXPs could all be bright at mid-IR wavelengths, due to either non-thermal emission from their magnetosphere or existence of surrounding disks.
In this paper, we report the Spitzer observations of three AXPs. We give brief summaries of our targets in § 1.1 and present mid-IR observations in § 2. We then present our results in § 3 and discuss the implications of our observations in § 4.
1.1. Target Summary A summary of the general properties of the three AXPs is given in Table 1 . Here we review in more detail what is known about each source.
1E 1048.1−5937: The AXP 1E 1048.1−5937, with a period of 6.4-s, was discovered serendipitously in 1979 during an Einstein observation of the Carina Nebula (Seward et al. 1986 ). Its X-ray flux has shown great variability, both in pulsed and unpulsed components (e.g., Gavriil, Kaspi, & Woods 2006) . Its soft X-ray spectrum is also variable, but has been well characterized by a 0.63 keV blackbody plus a Γ = 2.7-3.5 power-law model (e.g., Tiengo et al. 2005) . Three SGR-like X-ray bursts were detected from the pulsar (Gavriil et al. 2006) . Its near-IR counterpart showed high variability ( , with a nominal uncertainty of 0. ′′ 7 (90% confidence), in each panel is indicated by a cross (the error circle is too small to be resolved on the images). 2002; Durant & van Kerkwijk 2005) . Based on an extinction-distance relation derived from red clump stars in the pulsar's field, the source is probably at a distance of 8.6 kpc (Durant & van Kerkwijk 2006a) . 1RXS J170849.0−400910: The X-ray source 1RXS J170849.0−400910 was originally discovered in the ROSAT All-Sky survey (Voges et al. 1998) , and its 11.0-s period was detected by ASCA observations (Sugizaki et al. 1997) .
A model consisting of a blackbody (kT = 0.46 keV) plus power-law (Γ = 2.8) characterized the source's X-ray spectrum well (e.g., Rea et al. 2005) . While a tentative identification of the near-IR counterpart was reported by Israel et al. (2003) , a nearby source was recently proposed as the counterpart by Durant & van Kerkwijk (2006b) . Using red clump stars, a source distance of 3.8±0.5 kpc was found (Durant & van Kerkwijk 2006a (Gotthelf & Halpern 2006) . The AXP's near-IR counterpart was identified by Israel et al. (2004) , and it was found to be ∼0.5 mag fainter in the HK s bands six months later in 2004 March , correlating with the decline of the X-ray flux. Most interestingly, highly variable and unusually flat-spectrum pulsed radio emission was detected from the source , indicating that AXPs can be radio pulsars. The source distance is about 3.3 kpc, as estimated from the dispersion measure.
SPITZER OBSERVATIONS
The three AXPs were observed with Spitzer using the Infrared Array Camera (IRAC; Fazio et al. 2004) and Multiband Imaging Photometer for Spitzer (MIPS; Rieke et al. 2004) , as part of the Infrared Spectrograph (IRS) instrument team guaranteed time program. A summary of the Spitzer observations is given in Table 2. 2.1. Spitzer/IRAC 4.5/8.0 µm Imaging IRAC is an imaging camera operating in four channels at 3.6, 4.5, 5.8, and 8.0 µm. Two adjacent fields are simultaneously imaged in pairs (3.6 and 5.8 µm; 4.5 and 8.0 µm). We observed our targets in the 4.5 and 8.0 µm channels, with bandwidths of 1.0 and 2.9 µm, respectively. The detectors at the short and long wavelengths are InSb and Si:As devices, respectively, with 256×256 pixels and a plate scale of 1.
′′ 2, giving a field of view (FOV) of 5.
′ 2×5. ′ 2. The frame time was 100 s, with 96.8 s effective exposure time per frame for the 4.5 µm data and 93.6 s effective exposure time for the 8.0 µm data. The total exposures of each target's field are given in Table 2 .
The data were processed through the data reduction pipelines (version S14.0.0; IRAC Data Handbook, version 3.0, 2006) at the Spitzer Science Center. In the basic calibrated data (BCD) pipeline, the individual fluxcalibrated frames were produced from the raw images. The BCD frames were then combined into the post-BCD (PBCD) mosaics. The pointing of the IRAC frames is typically accurate to 0.
′′ 5. Because the fields of the AXPs are crowded, we further astrometrically calibrated the PBCD images to achieve the best positional accuracy and avoid source confusion. For the 1E 1048.1−5937, 1RXS J170849.0−400910, and XTE J1810−197 images, 261, 230, and 100 Two Micron All-Sky Survey (2MASS; Skrutskie et al. 2006) stars, detected by each of the 4.5 µm images, were used for the calibrations, respectively. The nominal uncertainties of the calibrated images are dominated by the 2MASS accuracy (≃0.
′′ 15).
2.2. Spitzer/MIPS 24 µm Imaging MIPS contains three separate detector arrays which provide capabilities for imaging and photometry in broad bands at 24, 70, and 160 µm. The 24 µm camera (having 4.7 µm bandwidth) was operated under the Photometry and Super Resolution (PH/SR) mode for the observations. The detector is a 128×128 pixel Si:As array, with a pixel size of 2.
′′ 55 and a 5. ′ 4×5. ′ 4 FOV. The frame time used was 10-s, with 9.96-s effective exposure time per frame. The total exposure of each source, controlled by the frame time, number of frames per cycle, and number of cycles, is given in Table 2 .
The data were processed through the data reduction pipelines (version S13.2.0; MIPS Data Handbook, version 3.2.1, 2006) at the Spitzer Science Center, and BCD images were produced from the pipelines. From the BCD images, a PBCD image of each target field was further produced by the post-BCD pipeline (see MIPS Data Handbook for details).
RESULTS
In Figures 1-3 , we show the mid-IR images of the 1E 1048.1−5937, 1RXS J170849.0−400910, and XTE J1810−197 fields, respectively. For the first AXP, the source position is from the near-IR observation , while for the latter two, their Chandra X-ray positions were used (see also Table 1 ). Combining the positional uncertainties on the Spitzer images and the sources, the nominal uncertainties in locating the AXPs on the Spitzer images are 0.
′′ 5-0. ′′ 7 at 90% confidence. No objects were found within the error circle of each source position on the Spitzer images. There is one faint object near the position of 1RXS J170849.0−400910, but it is 1.
′′ 8 (or more than 4σ) away from the Chandra position. In each figure, the source position is indicated by a cross (the error circle is too small to be resolved on the images).
The sensitivity of the IRAC observations is dominated by background sky emission and confusion noise when a field is crowded. The sky brightnesses measured by IRAC and MIPS at our target positions are given in Table 3. As can be seen, 1E 1048.1−5937 has a background between medium to high 4 (i.e., for example at 8 µm, the Table 1 ), and A V = 5.6, 7.7, and 3.6 (derived from N H by using A V = N H /0.179 × 10 22 ; Predehl & Schmitt 1995) are used for dereddening the 4.5 µm flux upper limits (Indebetouw et al. 2005 ) of 1E 1048.1−5937, 1RXS J170849.0−400910, and XTE J1810−197, respectively. The left and right panels show the ratios to 2-10 keV and 0.5-10 keV X-ray fluxes, respectively. The dotted line in each panel indicates the unabsorbed (ν 4.5 µm F 4.5 µm )/F X flux ratio of the Crab pulsar while the dashed line indicates the flux ratio of the AXP 4U 0142+61 ). The error bar near 1E 1048.1−5937 indicates the uncertainty on its upper limit due to its X-ray variability .
sky brightness is between 7.7-18.3 MJy/sr). The backgrounds of the other two AXPs are much higher than the high background defined by Spitzer, presumably because of their crowded fields. We converted the PBCD images of our targets in units of MJy/sr to data numbers (DN), and derived the 3σ flux upper limits from the standard deviation of the background sky at the source positions. The upper limits are (see also Table 3 ): F 4.5µ > 0.008 mJy, F 8.0µ > 0.041 mJy, and F 24µ > 0.39 mJy for 1E 1048.1−5937, F 4.5µ > 0.12 mJy, F 8.0µ > 0.17 mJy, and F 24µ > 0.59 mJy for 1RXS J170849.0−400910, and F 4.5µ > 0.023 mJy, F 8.0µ > 0.13 mJy, and F 24µ > 0.88 mJy for XTE J1810−197.
DISCUSSION
As indicated by the similar near-IR-to-X-ray flux ratios and the cases of correlated near-IR/X-ray flux variations (although only seen during outbursts), the near-IR emission of AXPs is likely connected to their X-ray emission. The connection is probably made either via the magnetosphere or via reprocessing of X-rays by a surrounding dust disk. In the first case, as starquakes shear the external magnetic field, a plasma corona forms in the twisted magnetosphere of a magnetar (Thompson et al. 2002; Beloborodov & Thompson 2006) . The observed kT ∼ 0.5 keV blackbody component arises from the atmosphere of this magnetar, which would be partly heated by particles from the corona. The 2-10 keV power-law component is produced by multiple cyclotron scattering of the keV tail of the blackbody by coronal particles. The observed optical/IR emission is probably related to the X-rays, as it may be due to cyclotron or curvature radiation also by particles in the corona (Beloborodov & Thompson 2006 ). Currently there is no detailed theoretical model to explain the similar near-IR/X-ray flux ratios in the magnetosphere picture. A reasonable first guess is that the mid-IR/X-ray flux ratio from AXPs might also be similar from source to source.
Alternatively, the IR and X-ray emissions may be connected by a dust disk, as proposed by for the AXP 4U 0142+61. Such a disk, probably formed from fallback of supernova material (Lin, Woosley, & Bodenheimer 1991; Chatterjee, Hernquist, & Narayan 2000) , would be farther away from the central neutron star and cooler than an accretion disk in X-ray binaries, since there is no binary companion to truncate the outer edge of the disk. The putative disk would be irradiated by the X-rays from the central source and emit mainly in the IR (Perna, Hernquist, & Narayan 2000) . Using Spitzer/IRAC observations similar to those discussed here, the unabsorbed IR-to-X-ray flux ratio of 4U 0142+61 was found to have a maximum value of (ν 4.5µ F 4.5µ )/F X ≃6.3×10 −5 at 4.5 µm (here F X is phaseaveraged in the 0.5-10 keV range, F X = 4.8 × 10 −10 ergs cm −2 s −1 ; Hulleman et al. 2004 ). This ratio, as it depends largely on the geometry of the disk and not on the peculiarities of the central object, might be typical for all dust disks around young neutron stars. Thus, as a first-order hypothesis, it is not unreasonable to assume that the ratio is constant from source to source, and see whether the data support this hypothesis, although, again, there are many plausible reasons why it might not be true.
In Figure 4 , we show the upper limits on the mid-IR 4.5 µm to X-ray unabsorbed flux ratios of the three AXPs and compare them to the same ratio for 4U 0142+61. In the commonly-used fitting model (a power law plus a blackbody), the power-law component in the 0.5-2 keV range, in spite of dominating the flux, has been argued to be problematic for proposed physical models (Halpern & Gotthelf 2005) . The resulting unabsorbed 0.5-10 keV fluxes of AXPs, still dominated by the soft power-law component, are relatively uncertain compared to their 2-10 keV fluxes. Therefore in Figure 4 , we show the ratios to both the 2-10 keV (left panel) and 0.5-10 keV (right panel) unabsorbed X-ray fluxes. As can be seen, all the upper limits are above the ratio of 4U 0142+61, independent of the fluxes we use for comparison. The non-detection of the sources in the mid-IR, partly due to the relatively low sensitivity limits of the Spitzer observations (see Table 3 ), is thus consistent with their relatively low X-ray fluxes. It is interesting to compare the upper limits on the flux ratios of the AXPs to those of rotation-powered young pulsars. For several such pulsars including the Crab pulsar, optical/IR emission can be connected to the nonthermal hard 1-10 keV X-rays with the same power law (e.g., Pavlov et al. 2002) . In addition, a similar optical to non-thermal-X-ray flux ratio, F opt /F nonth X ≃ 0.001-0.01, was found for these pulsars (Zavlin & Pavlov 2004) , further indicating the connection between the optical/IR and X-ray emission. In Figure 4 , we show the flux ratio of the Crab pulsar. The X-ray flux (3.2×10 −9 ergs cm −2 s −1 between 1-10 keV) is given by Zavlin & Pavlov (2004) while the 4.5 µm flux is from Temim et al. (2006) . As can be seen, while the X-ray flux of 1E 1048.1−5937 is highly variable (indicated by the error bars in the figure), its flux ratio upper limit is comparable to the ratio of the Crab pulsar, and actually is below the ratio when the 0.5-10 keV flux is used. As it is generally believed that the X-ray and optical/IR emission of the Crab pulsar is non-thermal and arises from the open magnetic line region of its magnetosphere (e.g., Lyne & Graham-Smith 2002) , different from the magnetar emission mechanisms discussed above, the comparison may support the difference, suggesting that the energy output mode at the Xray/IR wavelengths for magnetars may be different from that for the Crab pulsar.
Our mid-IR upper limits set a constraint on the spectral energy distribution of XTE J1810−197. Its radio spectrum was found to be flatter (S ν ∝ ν α , α −0.5) than that of most pulsars . In Figure 5 , we show our dereddened upper limits with the reported fluxes from radio to X-ray. As can be seen, the rising radio spectrum of the source (α = −0.5, estimated from the radio fluxes measured nearly simultaneously on 2006 May 2) is constrained by the 4.5 µm upper limit: a spectral break is thus expected to be between 1.5×10 11 -6×10
13 Hz. In addition, a flatter spectrum (such as α = −0.3) that may better represent all the data including the 42 and 144 GHz fluxes (note that they were obtained at different times and the AXP is highly variable in the radio) would be further constrained by the upper limits. The radio emission of XTE J1810−197 probably, as in radio pulsars, arises from the open field line region in the magnetosphere due to coherent curvature radiation (C. Thompson, private communication) . The outburst of the source in 2002/2003 would have changed the structure of the magnetosphere, turning it into a radio pulsar ). It is not clear whether or not the radio emission is closely related to the observed near-IR emission (see Figure 5 ), since even in the magnetar model, the optical/IR emission would arise from the corona of the magnetar, which is located at the closed magnetosphere region. Based on the rising energy spectrum, deeper observations at ≥24 µm wavelengths, with a sensitivity comparable to the upper limit at 4.5 µm, are required to probe whether there is radio-related IR emission from this source. A non-detection, on the other hand, would further constrain the frequency range for the spectral break.
In summary, we obtained mid-IR imaging observations of three AXPs, but detected no counterparts to the AXPs. Comparing the derived upper limits on the IR-to-X-ray flux ratio to the same flux ratio for the AXP 4U 0142+61, we conclude that the non-detections of the three AXPs, partly due to the relatively low sensitivities of the observations, is consistent with their relatively low X-ray fluxes. Also by a comparison, the upper limit (on the flux ratio to the 0.5-10 keV X-ray flux) of 1E 1048.1−5937 is below the similar flux ratio for the Crab pulsar, supporting a different emission mechanism proposed for magnetars from that for young pulsars. Finally, the upper limits on XTE J1810−197 suggest a spectral break between 1.5×10 11 -6×10 13 Hz for its newly discovered radio/millimeter rising spectrum.
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